We investigate spin-charge-orbital ordering in a Mn 3+ /Mn 4+ mixed valence state on a hollanditetype lattice using unrestricted Hartree-Fock calculation on a multi-band Mn 3d-O 2p lattice model. The calculations show that the Mn 3+ -Mn 4+ double exchange interaction, the Mn 3+ -Mn 3+ and Mn 4+ -Mn 4+ superexchange interactions are ferromagnetic and play important roles to stabilize the charge and orbital ordering pattern. The most stable charge and orbital ordering pattern is consistent with the 1 × 1 × 1 orthorhombic or monoclinic structure of K1.6Mn8O16.
I. INTRODUCTION
Various transition-metal oxides are known to show structural phase transitions which are accompanied by electronic transitions such as spin, charge, or orbital orderings [1, 2] . Such phase transitions in perovskite-type transition-metal oxides including La 1−x Ca x MnO 3 have been studied experimentally and theoretically, and the relationship between the structural transition and the charge-orbital ordering of transition-metal d electrons has been revealed [3] . In the perovskite-type oxides, M O 6 (M = transition metal) octahedra share their corners and the electronic interaction between the neighboring sites is dominated by the M -O-M bond. On the other hand, transition-metal oxides with edge-sharing M O 6 octahedra including spinel-type Fe 3 O 4 [4] and rutile-type VO 2 [5] , the direct M -M bond also plays important role and often induces M -M dimer formation.
Recently, novel structural transitions have been discovered in hollandite-type transition-metal oxides such as K 2 V 8 O 16 [6] and K 2 Cr 8 O 16 . [7] Since, in the hollanditetype structure, M O 6 octahedra share the corners and the edges, both the M -M and M -O-M bonds contribute to generate spin-charge-orbital orderings. Therefore, the hollandite-type oxides have been inspiring efforts to develop new theoretical framework to describe possible mechanism of the structural transitions. For example, K 2 V 8 O 16 exhibits two step jumps of resistivity in the narrow temperature range around 170 K which correspond to two structural transitions from a hightemperature tetragonal structure to an intermediatetemperature tetragonal structure to a low-temperature monoclinic (almost orthorhombic) √ 2 × √ 2 × 2 structure. [6] Since the formal valence of the V site is +3.75 for K 2 V 8 O 16 , it is expected that the metal-insulator transition and structural transitions are driven by charge ordering between V 3+ and V 4+ and the V 4+ -V 4+ dimer formation along the V-O double chain or the V-O ribon. [8] [9] [10] [11] [12] On the other hand, the structural transition in K 2 Cr 8 O 16 is well described as a Peierls transition of the itinerant Cr 3d t 2g electrons. [13] In the present study, we focus on the origin of the phase transition at 380 K from the tetragonal phase to the low-temperature monoclinic phase without the superstructure. Since the unit cell of K 
III. RESULTS AND DISCUSSION
The unrestricted Hartree-Fock analysis for K 2 Mn 8 O 16 with the reasonable parameter set provides ferromagnetic solutions with several charge ordering patterns. The charge ordering patterns are illustrated in Fig. 1 . The energies of those states are listed in Table III . The most stable state is the FMCO1 state which is shown in Fig. 1(a) . Here, the charge ordering pattern in the a-b plane is illustrated. There are two kinds of double chains running along the c axis in the FMCO1 state. The one consists of only Mn 4+ O 6 octahedra, and the other consists of Mn 3+ O 6 and Mn 4+ O 6 octahedra. In the latter type of double chain, the Mn 3+ and Mn 4+ sites are aligned along the c axis in straight lines, respectively. As for the orbital ordering, at the Mn 3+ sites with one e g electron, the Mn 3d 3z 2 − r 2 orbital [indicated by the cigar-like orbital shape in Fig. 1(a) Table. III).
Since K 1.6 Mn 8 O 16 becomes antiferromagetic at low temperature experimentally, we also investigated antiferromagnetic solutions of the present model calculation to elucidate the magnetic property of the system. Figure 2 shows three different types of antiferromagnetic configurations. In the AFMCO1 state, the Mn 3d spins are antiferromagnetic between corner-sharing octahedra as shown in Fig. 2(a) Fig. 2(b) ], whereas the spin and charge arrangement in the a-b plane of the AFMCO2 is the same as the most stable FMCO1 state. In the AFMCO3 state, the Mn 3d spins are antiferromagnetic between the edgesharing octahedra in the double chain along the a-b plane [see Fig. 2(c) ], whereas the ferromagnetic coupling between the corner-sharing MnO 6 octahedra and that along the c-axis are the same as the most stable FMCO1 state. Compared to the ferromagnetic states, all the obtained antiferromagnetic states have much higher energy values (see Table. III). In the present calculation, antiferromagnetic coupling between far-distant-neighbors is not considered. We speculate that the antiferromagetic state of K 1.6 Mn 8 O 16 is of helical type stabilized by nearest neighbor ferromagnetic coupling and far-distant-neighbor antiferromagnetic coupling. The AFMCO2 and AFMCO3 states are much lower in energy than the AFMCO2 state, indicating that the ferromagnetic double exchange interaction between the corner-sharing MnO 6 octahedra is much stronger than the ferromagnetic coupling between the edge-sharing octahedra.
At this stage, we discuss the origin of the spin-chargeorbital ordering of the FMCO1 state. As a reason of ferromagnetic coupling between the Mn spins, three types of electronic exchange interactions are possible for this system which are shown schematically in Fig. 3 • angle configuration, the ferromagnetic coupling is explained by Kanamori-Goodenough rule. Among the antiferromagnetic states, the AFMCO3 state is more stable than the AFMCO1 and AFMCO2 states, which indicates that the double exchange type ferromagnetic interaction between corner sharing MnO 6 octahedra is the strongest and the Mn 3+ -Mn 3+ ferromagnetic coupling along the c axis is the second strongest. The difference in the Mn 3+ -Mn 4+ double exchange interaction should be responsible for the small energy difference between the FMCO1 and FMCO2 states. The number of Mn 3d spin at each Mn site of the FMCO1 state is shown in Fig. 4(a) . The 16 Mn sites in the first layer are labelled as 1-16 which is shown in Fig. 1(a) In the next step, we examine the stability of the FMCO1 state against the reduction of K content or the hole doping to the Mn 8 O 16 lattice. Figure 4 and doping which can couple with the superstructure along the c-axis due to the K vacancy ordering and would be an origin of far-distant-neighbor antiferromagnetic coupling. As shown in Table III , the magnitude of the band gap tends to decrease as the amount of hole increases until the transition to a metallic state at K 0. 
